Caspases are essential components of the apoptotic machinery in both vertebrates and invertebrates. Here, we report the isolation of a mutant allele of the Drosophila effector caspase drICE as a strong suppressor of hid-(head involution defective-) induced apoptosis. This mutant was used to determine the apoptotic role of drICE. Our data are consistent with an important function of drICE for developmental and irradiation-induced cell death. Epistatic analysis suggests that drICE acts genetically downstream of Drosophila inhibitor of apoptosis protein 1 (Diap1). However, although cell death is significantly reduced in drICE mutants in all assays, it is not completely blocked. A double-mutant analysis between drICE and death caspase-1 (dcp-1), another effector caspase, reveals that some cells (type I) strictly require drICE for apoptosis, whereas other cells (type II) require either drICE or dcp-1. Thus, these data demonstrate a barely appreciated complexity in the apoptotic pathway, and are consistent with current models about effector caspase regulation in both vertebrates and invertebrates.
Introduction
Programmed cell death or apoptosis is an essential physiological process required for normal development of metazoan organisms and tissue homeostasis. The key mediators of cell death are caspases, a highly specialized class of Cysproteases. Caspases are produced as inactive zymogens. During apoptosis, activation of caspases involves proteolytic processing, cleaving off an N-terminal prodomain, and generating the large and the small catalytic subunits (reviewed in Ref. 1 ). Two classes of caspases have been defined based on the length of the prodomain. Initiator caspases contain long prodomains that harbor regulatory motifs such as the caspase activation and recruitment domain (CARD) in the prodomain of Caspase-9.
1 These regulatory motifs serve as binding sites for upstream apoptotic signaling factors. For example, through homotypic interactions of the CARD motif of Caspase-9 with the CARD motif of Apaf-1, Caspase-9 is recruited into the apoptosome, a large multisubunit complex, where it undergoes autoprocessing and activation. 1 Once activated, Caspase-9 cleaves and activates the effector Caspase-3, which is characterized by the presence of a short prodomain. Effector caspases execute the cell death process by cleaving a large number of cellular proteins, triggering the morphological events leading to apoptotic cell death.
Caspases are negatively regulated by inhibitor of apoptosis proteins (IAPs). IAPs bind to processed caspases and inhibit them (recently reviewed in Ref. 2 ). Thus, IAPs provide the last line of defense against inappropriate caspase activity. In apoptotic cells, IAP antagonists such as the Drosophila Reaper, Hid (Head involution defective), and Grim (RHG) proteins (recently reviewed in ref.
3 ) displace IAPs directly from caspases 4, 5 which are then released from IAP inhibition, and induce apoptosis. In addition, Reaper, Hid and Grim also promote proteolytic degradation of Drosophila IAP1 (Diap1). 3 The Drosophila genome contains a total of seven caspase genes, three of which encode putative initiator caspases (Drosophila Nedd-2 like Caspase (Dronc), Dredd and Strica), whereas the remaining four are putative effector caspases (Drosophila ICE (DrICE), death caspase-1 (Dcp-1), Decay and Damm) (reviewed in Ref. 1, 6 ). Mutations in these caspase genes that would allow their genetic characterization have been described for dredd, dcp-1 and dronc. However, the available evidence suggests that dredd is not an apoptotic caspase, but instead appears to have a fundamental role in innate immunity (reviewed in Ref.
mid-oogenesis in response to nutrient deprivation. 7 dronc is the only caspase gene described so far whose mutations display a clear apoptotic phenotype. Genetic inactivation of dronc blocks most developmental cell death during embryogenesis, imaginal disc development and metamorphosis. [8] [9] [10] [11] Dronc is functionally similar to human Caspase-9 because it contains a CARD motif in the prodomain, 12 and interacts with Drosophila Apaf-1-related killer (Ark), also known as Dark, Hac-1 and D-Apaf-1 (reviewed in Ref. 3 ). It has not been genetically determined whether any of the effector caspases in Drosophila are apoptotic (with the exception of dcp-1 during oogenesis). 7 However, several observations suggest that drICE is an important component of the apoptotic machinery in Drosophila. First, overexpression of drICE sensitizes Drosophila S2 cells to apoptosis. 13 Immunodepletion of DrICE in S2 cells reduces the ability of cycloheximide and reaper expression to induce apoptotic morphology.
14 Furthermore, silencing of DrICE by RNA interference (RNAi) blocks S2 cell apoptosis. 15 These findings suggest that DrICE is required for apoptosis in S2 cells. Second, drICE expression is induced by the insect hormone ecdysone, which stimulates apoptosis during metamorphosis. 16 Active DrICE was also found during cell death in both mid-and late oogenesis. 17 Third, the initiator caspase Dronc can cleave and activate DrICE in vitro. 18, 19 DrICE also cleaves Dronc, 15 and it has been proposed that this cleavage constitutes a caspase amplification loop. 16 Fourth, Diap1, which is essential for cellular survival, 2, 3 can inhibit DrICE through direct physical interactions. 4, 5, 20, 21 These observations imply, but do not prove, that drICE encodes an important component of the apoptotic machinery in Drosophila. Thus, to clarify the role of drICE for developmental apoptosis, analysis of mutations in the endogenous gene are necessary.
In this study, we describe the isolation and genetic characterization of an EMS-induced allele of the effector caspase drICE. This mutant is characterized by reduced levels of developmental and irradiation-induced cell death, and contains additional cells. We show that the strong apoptotic phenotype of diap1 mutants is partially suppressed by drICE inactivation, suggesting that inappropriate activation of DrICE contributes to the diap1 mutant phenotype, and that drICE acts genetically downstream of diap1. However, even though the drICE mutant reduces developmental apoptosis, it does not completely block it. We show that drICE and dcp-1 share a partially overlapping function in such a way that some cells (type I) strictly require drICE for apoptosis, whereas other cells (type II) are more flexible and die either through drICE or dcp-1.
Results

Isolation and identification of a drICE mutant
Recently, we described GheF (GMR-hid ey-FLP) screening method which allows to identify mutants in genes required for hid-induced cell death. 10 The GheF method takes advantage of the eye-ablation phenotype caused by expression of hid under eye-specific GMR-enhancer control (GMR-hid; Figure 1b ). During GheF screening, suppressors of GMRhid (su(GMR-hid)) are identified in homozygous mutant eye clones obtained by ey-FLP/FRT-mediated recombination in otherwise heterozygous animals (for further technical details see Xu et al., 2005) . 10 The drICE locus maps to cytological position 99C1 of the polytene map on the right arm of chromosome 3 (3R). Thus, to isolate mutants in drICE, we carried out an EMS mutagenesis screen using the GheF method for 3R (see Materials and (Figure 1c ). su(GMR-hid)17 is homozygous viable (see also below), and homozygously suppresses GMRhid even stronger (Figure 1d ), restoring the eye back to wildtype size (Figure 1a) . To identify the gene mutant in su(GMR-hid)17, we mapped the mutation to the distal tip of 3R by P-element mapping. In parallel to the above described EMS screen, a small deficiency deleting cytological range 99B3/B8-99C2/C4 on the polytene map was isolated by X-ray irradiation (see Materials and Methods). This deficiency, referred to as Df(3R)drICE, over su(GMR-hid)17 strongly suppresses GMR-hid (Figure 1e) . Thus, this analysis suggests that su(GMR-hid)17 maps to the cytological range 99B3/B8-99C2/C4. None of the genes residing in this cytological range have been implicated in apoptosis, with the exception of drICE which maps to 99C1. Thus, we tested whether a GMR-drICE transgene 22 can restore the small eye phenotype of GMR-hid in homozygous su(GMR-hid)17 animals. This was found to be the case (Figure 1f ). GMR-drICE does not display a small eye phenotype on its own 22 ( Figure 1g ). These findings establish that the suppression of GMR-hid by su(GMR-hid)17 is caused by genetic inactivation of drICE. This is also confirmed by DNA sequencing analysis and immunoblotting (see next section). Therefore, we refer to su(GMR-hid)17 from now on as drICE 17 . The rescue of GMR-hid by drICE 17 /Df(3R)drICE is slightly better than the one of homozygous drICE 17 animals (Figure 1d and e) suggesting that drICE 17 is a very strong hypomorphic allele, but not a null allele.
We also determined whether drICE 17 could suppress the GMR-reaper-induced small eye phenotype. The GMR-reaper eye-ablation phenotype is weaker compared to GMR-hid (Figure 1h) . Surprisingly, although homozygous drICE 17 animals do suppress GMR-reaper (Figure 1i ), the suppression is significantly weaker compared to the suppression of GMR-hid (Figure 1d ). The weak suppression of GMR-reaper could reflect an unanticipated complexity of the apoptotic process, or could be allele specific for drICE 17 . Additional drICE mutants are necessary to distinguish between these possibilities.
In summary, this analysis identifies a mutation in the drICE gene and provides evidence that drICE þ is genetically required for GMR-hid-induced cell death. Homozygous drICE 17 adults are viable, and carry wings that appear less transparent compared to wild type (data not shown). This wing phenotype which is difficult to illustrate in photographs, appears to be characteristic for mutants of cell death genes as it has been previously observed in hid, ark and dronc mutants. 10 Although drICE 17 mutant animals are homozygous viable, they were not obtained at mendelian ratios. Only about 1/3 of the expected progeny (B500 offspring scored) was found relative to controls (drICE 17 /TM3). A similar semilethality was observed for drICE 17 Figure 2a ). This residue is conserved in all invertebrate caspases and in some mammalian caspases including Caspase-6 from mouse and even human Caspase-9, an initiator caspase (Figure 2a) . In mouse and human Caspase-3 and Caspase-7, this position is occupied by a semiconserved Asp residue (Figure 2a ). Immunoblot analysis showed that drICE 17 encodes for an unstable protein ( Figure 2b ). We quantified that o5% of the wild-type levels of DrICE protein are detectable in immunoblots of drICE 17 mutant embryos.
drICE 17 mutants exhibit reduced developmental cell death
The drICE 17 mutant was isolated as a strong suppressor of GMR-hid ( Figure 1 ). Furthermore, immunoblot analysis showed that drICE 17 encodes for an unstable protein. These observations suggest that drICE 17 represents a loss-offunction allele. To determine the genetic requirement of drICE for normal developmental cell death, we analyzed drICE (a) Alignment of the aminoacid residues surrounding Asn116 in DrICE and various effector caspases in insects and mammals, and human Caspase-9. drICE 17 carries a mutation in Asn116, changing it to Tyr. Dm, Drosophila melanogaster; Dp, Drosophila pseudoobscura; Ag, Anopheles gambiae; Sf, Spodoptera frugiperda; Bm, Bombyx mori; Mm, Mus musculus; Hs, Homo sapiens. (b) Embryonic extract obtained from homozygous ey-Flp; FRT82B (the stock used for mutagenesis) and drICE 17 mutant flies were analyzed by immunoblotting using an antibody raised against the prodomain of DrICE (upper panel). Lower panel is the same blot probed with antiactin antibody as loading control. The arrow indicates fulllength DrICE, the asterisk an unspecific protein Partially redundant roles of drICE and dcp-1 D Xu et al null allele, the incomplete block of developmental apoptosis could be due to partial activity of drICE 17 ; or, drICE is functionally redundant with another effector caspase. One candidate for an alternative effector caspase is dcp-1 (see Song et al. 23 ) which is most similar to drICE at the sequence level (57% identical). 22 Deletion of dcp-1, using dcp-1 Prev1 a protein null allele, 7 does not or only weakly affect the global embryonic cell death pattern (Figure 3e ), consistent with previous reports. 7 However, dcp-1 Prev1 drICE 17 doublemutant embryos (see Materials and Methods) display significantly reduced levels of embryonic apoptosis compared to drICE 17 single mutants, and contain only a few dying cells (Figure 3f and b). This residual apoptosis might be the result of weak activity of drICE 17 , or may imply that a third effector caspase (Damm or Decay) is required for embryonic cell death. In any case, this analysis establishes that drICE and dcp-1 have overlapping functions in the apoptotic pathway in Drosophila embryos (see Discussion).
The anticleaved Caspase-3 antibody (Caspase-3*; Cell Signaling Technology) was raised against a peptide Nterminal to Asp175 in the large subunit of human Caspase-3. It is thought that this antibody recognizes its epitope only after cleavage and activation of Caspase-3. In uncleaved Caspase-3 the epitope is buried inside the protein inaccessible to the antibody. Interestingly, immunolabeling of Drosophila embryos using this antibody mimics the known AO and TUNEL pattern (Figure 3g) . Furthermore, labeling with this antibody is dependent on the RHG genes reaper, hid and grim, as homozygous embryos deficient for the RHG genes (Df(3L)H99) fail to give a staining signal (data not shown). diap1 mutant embryos which are characterized by a strong apoptotic phenotype 3, 24 ( Figure 7a ) show increased labeling (data not shown). These observations suggest that the Caspase-3* antibody crossreacts with a Drosophila protein that becomes activated during apoptotic cell death. Such an apoptotic protein might be the initiator caspase Dronc or an effector caspase acting downstream of Dronc, because the Caspase-3* antibody shows reduced immunoreactivity in dronc mutants. 10 Another antibody, termed CM1, was raised against the same peptide and was shown to crossreact with cleaved DrICE in immunoblots. 25 It is not clear whether Caspase-3* antibody also crossreacts with cleaved DrICE. To address this question, we analyzed drICE 17 mutant embryos with Caspase-3* antibody. However, compared to wild type, the level of immunoreactivity is not significantly altered in drICE 17 embryos (Figure 3h ), and surprisingly does not match the AO-and TUNEL patterns of drICE 17 mutants (Figure 3b  and d) . As we showed in Figure 2b , that drICE 17 produces an unstable protein with o5% of the total amount of DrICE protein left, it is unlikely that the Caspase-3* antibody specifically recognizes cleaved DrICE. We also tested the Caspase-3* antibody on homozygous dcp-1
Prev1 embryos which lack Dcp-1 protein. 7 However, the immunolabeling is indistinguishable from that of wild-type embryos (Figure 3i ). Thus, this antibody does not appear to bind to either DrICE or Dcp-1, or it may recognize multiple epitopes (see Discussion) .
The data presented in Figure 3 provide strong evidence that drICE þ is genetically required for developmental cell death. We therefore determined the consequences of reduced rates of cell death at the cellular level in drICE 17 mutants. The bestcharacterized apoptotic model during Drosophila embryogenesis is the development of the midline glia (MG) in the central nervous system. 26 The MG are transient cells during embryogenesis and are required for the separation and ensheathment of commissural axon tracts. 26 At stage 13 of embryogenesis, about 10 MG cells per segment have been generated. Subsequent to the establishment of commissure morphology, a subset of the MG cells undergo apoptosis, leaving about three ensheathing MG cells per segment by the end of embryogenesis at stage 17 (Figure 4a and c) . 26 The reduction in the number of MG cells is dependent on reaper, hid, grim, ark and dronc. In homozygous H99 (deleting reaper, hid and grim), 27 
contain on average more than twice the number of MG cells (B80-100; n ¼ 5) compared to wild-type (B40; n ¼ 5) (Figure  4b and d) . This number is similar to hid mutant embryos, 27 but is significantly less compared to H99 and dronc mutant embryos which contain on average 140-160 MG cells. 10, 27 Thus, drICE is required for some, but not all, MG cell death.
Another very well-characterized cellular model system to study developmental cell death in Drosophila is the fate of interommatidial cells (IOCs) in the developing compound eye which is composed of approximately 750 individual unit eyes, called ommatidia. 29 Individual ommatidia are positioned within a hexagonal lattice of shared pigment cells and mechanosensory bristles. 29 Formation of the ommatidial core, composed of eight photoreceptors, four cone cells and two primary pigment cells, is completed 24 h after pupariation formation (APF), leaving an excess of undifferentiated cells in the interommatidial space. 29 The final step of ommatidial development is the differentiation of the IOCs into secondary (21) and tertiary (31) pigment cells (Figure 4h) , and the elimination of excess IOCs by hid-dependent cell death in order to refine the hexagonal pigment cell lattice. 25, 29, 30 By 42 h APF, IOC differentiation and cell death is completed bringing individual ommatidia into register within the lattice.
IOC apoptosis throughout the eye disc is highest between 26 and 28 h APF 29 ( Figure 4e ). Thus, we tested whether drICE 17 mutants change the global pattern of cell death by TUNEL labeling. Similar to drICE 17 mutant embryos, the global pattern of TUNEL-positive cell death is significantly reduced, but not completely blocked (Figure 4f ). Although we have been unable to test whether dcp-1 accounts for the remaining death in drICE 17 discs, it is likely that this is the case based on our findings in embryos.
We also determined the number of IOCs in drICE 17 mutant clones in discs 42 h APF. Using an antibody against the Discslarge (Dlg) protein to visualize membranes and thus cell outline, we found that ommatidia in drICE 17 mutant clones 42 h APF contained on average 1.670.75 S.E.M. additional IOCs (Figure 4g and h; marked in white; see Materials and Methods) which is approximately half the number of additional IOCs reported for dronc mutant ommatidia. 10 Thus, this analysis provides further support for a redundant function of effector caspases. Nevertheless, these data suggest that drICE þ is genetically required for some IOC apoptosis in the developing retina. Interestingly, occasionally we also observe a patterning defect in which a bristle cell is replaced by a 31 pigment cell (Figure 4h , yellow arrow).
drICE 17 partially protects against irradiationinduced cell death
Ionizing radiation induces apoptosis in both mammalian cells and in Drosophila embryos. Radiation-induced apoptosis requires the RHG genes, ark, and dronc. Thus, we determined whether drICE is required for irradiation-induced cell death. Wild-type and drICE 17 mutant embryos were irradiated with 4000 rad. In wild-type embryos this treatment induces a strong apoptotic response (Figure 5a ). However, compared to irradiated wild-type embryos, fewer apoptotic cells were consistently observed in drICE 17 mutants (Figure 5b ). Therefore, drICE 17 partially protects against radiation-induced cell death.
drICE 17 fails to suppress GMR-dronc-and GMRdcp-1-induced eye phenotypes
Based on its domain structure, DrICE has been classified as an effector caspase. 6, 13 Consistent with this notion is the observation that the initiator caspase Dronc cleaves and activates DrICE in vitro. 18, 19 However, DrICE can also cleave Dronc in vitro, 15 and it was proposed that DrICE is required for amplification of Dronc processing in a caspase activation loop following the initial activation of Dronc. 15, 16 We attempted to determine the genetic relationship between dronc and drICE by epistasis analysis. Expression of the full-length form of Dronc in third instar larval eye discs using the GMR enhancer (GMR-pro-dronc) causes induction of apoptosis 18, 19, 31 ( Figure 6a ). To determine the genetic relationship between 17 clone are marked in white. The yellow arrow points to a rare patterning defect in which a bristle cell is replaced by a tertiary pigment cell Partially redundant roles of drICE and dcp-1 D Xu et al dronc and drICE, we analyzed the apoptotic phenotype of GMR-pro-dronc in a drICE 17 mutant background. Surprisingly, in homozygous drICE 17 animals the apoptotic phenotype of GMR-pro-dronc in larval eye discs is not suppressed (Figure 6b) . Similarly, the strong apoptotic phenotype caused by GMR-induced expression of a dominant active allele of Dronc which deletes the prodomain (GMR-DN-dronc) 18 is not significantly suppressed by drICE 17 (Figure 6c and d) . Consistently, the adult eye phenotype of GMR-pro-dronc and GMR-DN-dronc are not significantly rescued by drICE 17 (data not shown). These observations suggest that overexpressed Dronc can induce apoptosis independently of drICE either through activation of other effector caspases, or it behaves as an effector caspase itself (see Discussion).
green). (h) Shows the same field as (g). The interommatidial cell (IOC) cluster is composed of six secondary (2), three tertiary (3) and three bristle cells (B). The yellow line marks the clonal boundary. Extra IOCs in the drICE
Dcp-1 is a candidate effector caspase activated by Dronc in parallel to DrICE. 7, 22, 23 GMR-DN-dcp-1 which lacks the Nterminal prodomain gives rise to a 'spotted' eye phenotype 22 ( Figure 6e ). As expected, drICE 17 mutants are unable to suppress this eye phenotype (Figure 6f ), implying that dcp-1 either acts downstream of drICE, or in parallel. Thus, this observation suggests that dcp-1 can induce cell death independently of drICE. drICE 17 partially suppresses the apoptotic phenotype of diap1 mutants IAPs, most notably Diap1, are important regulators of apoptosis.
1,2 The diap1 5 allele is a strong loss-of-function allele characterized by a dramatic apoptotic phenotype. Essentially every cell is TUNEL positive in these embryos 24 ( Figure 7a ) suggesting an essential function of Diap1 for cellular survival. There is overwhelming biochemical evidence that IAPs regulate apoptosis through inhibition of caspases. 1, 2, 5, 18, 21 Diap1 has been shown to be able to directly bind to and inhibit DrICE in vitro. 4, 5, 20, 21 However, the functional significance of this interaction has never been genetically demonstrated. Thus, we determined whether Diap1 inhibits DrICE in vivo by double-mutant analysis. diap1 5 drICE 17 double-mutant embryos contain fewer apoptotic cells compared to diap1 5 single-mutant embryos (Figure 7b ). This finding suggests that Diap1 indeed regulates the apoptotic activity of DrICE. Furthermore, this analysis places drICE genetically downstream of diap1, consistent with the expectation. However, we note that the diap1 mutant phenotype is only partially suppressed by drICE 17 . The partial suppression can be explained either by the hypomorphic nature of drICE 17 or by the activity of other effector caspases such as Dcp-1 which is also target of Diap1 inhibition.
Discussion
The importance of caspases for programmed cell death was first revealed in genetic studies in Caenorhabditis elegans, 32 and later confirmed by targeted gene disruptions in mice. [33] [34] [35] In Drosophila, the first report implicating caspases as important mediators of programmed cell death took Figure 5 drICE 17 partially protects against irradiation-induced cell death. Wildtype (a) and drICE 17 (b) were exposed to X-ray irradiation (4000 rad), aged for 1.5 h and labeled with acridine orange. These embryos were X-ray treated at stage 9 More recently, dominant-negative constructs of cloned caspases and RNAi experiments further supported the involvement of caspases in the cell death response in Drosophila. 18, 31 Finally, the availability of mutations in the initiator caspase dronc confirmed an essential role of caspases for developmental cell death. [8] [9] [10] [11] Here, we report the isolation and characterization of a mutant in the effector caspase drICE. The phenotypic characterization of this mutant is consistent with a role of drICE for developmental and irradiation-induced cell death.
The su(GMR-hid)17 mutant was isolated as a strong recessive suppressor of GMR-hid by GheF screening. We demonstrated in four ways that su(GMR-hid)17 corresponds to a mutation in drICE. First, su(GMR-hid)17 in trans to the deficiency Df(3R)drICE, which deletes 99B3/B8-99C2/C4 including drICE, strongly suppressed GMR-hid (Figure 1d ) suggesting that su(GMR-hid)17 maps to this cytological range. Second, expression of a GMR-drICE transgene restored the eye-ablation phenotype of GMR-hid in homozygous su(GMR-hid)17 mutants (Figure 1f) . Third, by DNA sequencing we identified a missense mutation in the drICE gene of su(GMR-hid)17 changing the conserved Asn116 to Tyr. Finally, immunoblot analysis using an anti-DrICE antibody suggests that su(GMR-hid)17 encodes for an unstable DrICE protein. Thus, these observations suggest that su(GMR-hid)17 carries a mutation in drICE, and we referred to this mutant as drICE 17 . drICE 17 carries a missense mutation in a conserved residue, changing Asn116 to Tyr, and thus, is not a defined null mutant. However, we have reasons to believe that drICE 17 is a very strong hypomorphic allele. It is a strong suppressor of GMR-hid and produces o5% of the wild-type levels of DrICE protein. However, drICE 17 /Df(3R)drICE mutants suppress the GMR-hid eye-ablation phenotype slightly better than homozygous drICE 17 animals (Figure 1d and e) suggesting that drICE 17 is a very strong, but not a null allele.
Partial redundancy between drICE and dcp-1
The phenotypic analysis of drICE 17 in embryos and imaginal eye discs establishes that drICE þ functions in developmental cell death. It is also partially required for irradiation-induced cell death and for establishment of the diap1 mutant phenotype. However, the cell death phenotypes observed for drICE 17 are weaker compared to the phenotypes reported for mutations of the initiator caspase dronc (see Daish et al., 8 Chew et al., 9 Xu et al. 10 and Waldhuber et al. 11 ) suggesting that at least one additional effector caspase is required for apoptosis in Drosophila. One potential effector caspase which can compensate for the loss of drICE may be dcp-1.
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Consistently, we showed by double-mutant analysis with dcp-1, that drICE and dcp-1 have overlapping functions in the apoptotic pathway. The double-mutant phenotype is similar, although slightly weaker compared to the dronc null phenotype. 10 This slightly weaker phenotype could be caused by the hypomorphic nature of drICE 17 , or alternatively by a third effector caspase such as Damm or Decay which may also be activated by Dronc. 6 In any case, this study demonstrates that effector caspases in Drosophila have overlapping functions.
However, it is interesting to note that dcp-1 mutants display an apoptotic phenotype only in a double mutant with drICE (Figure 3f ). In contrast, the drICE mutant has an apoptotic phenotype on its own. These observations suggest that Dcp-1 is not sufficient to induce apoptosis in those cells which survive in drICE 17 mutants, but would otherwise die in wildtype embryos, implying that some cells strictly require DrICE for apoptosis independently of Dcp-1 (we refer to these cells as type I cells), and these cells survive in drICE mutants, whereas other cells (type II) require either DrICE or Dcp-1, and these cells still die in either drICE or dcp-1 mutants, but survive in the double mutant. This model also explains why drICE 17 mutants fail to suppress the GMR-DN-dcp-1 eye phenotype. One example of a class I cell type are S2 cells. Immunodepletion of DrICE and gene silencing by RNAi results in block of apoptosis 14, 15 suggesting that DrICE is the only effector caspase required for S2 apoptosis. How this partial redundancy is regulated and why type I cells can tolerate Dcp-1 is unclear. However, it reveals an unanticipated complexity in the apoptotic pathway in Drosophila. Similarly, analysis of genetic knockouts in mouse has revealed that Caspase-3 is essential in some cell types for apoptosis, but not in others, and that additional effector caspases can compensate for the loss of Caspase-3. 36 Interestingly, labeling of drICE 17 mutant embryos with cleaved caspase-3 (Caspase-3*) antibody produced a wildtype pattern. This is puzzling because the Caspase-3* pattern does not match the AO-and TUNEL patterns of drICE 17 mutants (Figure 3 ). This observation suggests that Caspase-3* recognizes an epitope which is produced upstream of drICE such as the initiator caspase Dronc. We have previously shown that the immunoreactivity of the Caspase-3* antibody is strongly reduced in dronc mutants. 10 This observation implies, but does not prove, that the Caspase-3* antibody recognizes cleaved Dronc. However, it is also The genetic relationship between diap1, dronc and drICE
Mutations in diap1 cause a dramatic apoptotic phenotype in early embryos. 3, 24 We showed that drICE 17 partially suppresses the apoptotic phenotype of diap1 mutants suggesting that DrICE is regulated by Diap1 and acts genetically downstream of Diap1. However, it is unclear from this genetic analysis whether Diap1 directly inhibits DrICE, or whether the diap1 mutant phenotype is caused by loss of inhibition of Dronc, which then activates DrICE. The available biochemical evidence suggests a combination of both. Binding studies in vitro have shown that Diap1 can be a negative regulator of DrICE. 4, 5, 20, 21 However, Diap1 cannot inhibit DrICE until DrICE becomes activated and proteolytically removes the 20 N-terminal residues of Diap1, 5, 37, 38 which constitute an autoinhibitory domain for the function of Diap1. 5, 37 These findings suggest that Dronc has to cleave and activate DrICE first before Diap1 can inhibit it. Dronc is also target of negative regulation by Diap1, 18 and we have previously shown that dronc suppresses the diap1 mutant phenotype in the ovary, placing dronc downstream of diap1.
10 Thus, consistent with a previously proposed model, 37 Diap1 appears to inhibit primarily Dronc, whereas the inhibition of activated DrICE constitutes a minor activity of Diap1, which might be necessary to protect the cell against weak apoptotic signals or against inappropriately activated DrICE. Nevertheless, consistent with the role of DrICE as effector caspase, this analysis establishes that drICE acts genetically downstream of diap1.
The genetic relationship between dronc and drICE is less clear. drICE 17 is unable to suppress apoptosis induced by GMR-pro-dronc and GMR-DN-dronc. This observation can be explained in several ways. First, dronc and drICE might act in independent pathways. However, this possibility is unlikely as both dronc and drICE mutants suppress GMR-hid, suggesting that they indeed do act in the same pathway. Second, Dronc might activate several effector caspases. Our data suggest that at least in embryos Dcp-1 is an alternative effector caspase which under the unphysiologically high concentration of pro-Dronc and DN-Dronc may be sufficiently active to compensate for the loss of drICE. Consistent with this scenario is our observation that GMR-DN-dcp-1 is unaffected by drICE 17 suggesting that dcp-1 acts in parallel or downstream of drICE.
However, there is another possibility. The GMR-pro-dronc and GMR-DN-dronc eye phenotypes are insensitive to expression of the caspase inhibitor P35. 18, 19 In contrast, Dcp-1 and DrICE can be inhibited by P35. 22 Thus, these observations suggest that the GMR-dronc-induced eye phenotypes are independent of Dcp-1 and DrICE. It is unclear how GMR-pro-dronc and GMR-DN-dronc induce apoptosis independently of Dcp-1 and DrICE. It is possible that the dronc transgenes induce the activation of another P35-insensitive effector caspase, or that overexpressed Dronc can also act as effector caspase. More experiments are needed to clarify these observations. In summary, we have isolated a strong loss-of-function mutant in drICE. The phenotypic analysis is consistent with a role of drICE as an effector caspase. Our data establish that drICE and dcp-1 function redundantly in some cells, whereas other cells strictly require drICE for apoptosis. Future studies will reveal how specificity is conferred in these paradigms.
Materials and Methods
Isolation and identification of drICE 17 ey-Flp; FRT82B males were starved for 12 h, followed by treatment with 25 mM EMS in 5% sucrose solution for 24 h. After recovery for 3 h, the mutagenized males were mated to GheF; FRT82B w þ females and incubated at 251C. 40 000 F1 progeny were screened for suppression of the GMR-hid-induced small eye phenotype. The strongest suppressor, su(GMR-hid)17, was selected for further analysis. su(GMR-hid)17 was identified as a drICE allele by genetic tests described in the Results section and by DNA sequencing.
X-ray mutagenesis
Df(3R)drICE was obtained in the following manner: males carrying the P-element l(3)05884 inserted in 99C1-2 were treated with X-ray, crossed to TM2,ry/TM6B,ry females, and F1 progeny was screened for loss of the eye color marker (ry þ ) of l(3)05884. l(3)05884 is a P-element insertion in the ncd gene, approximately 6 kb distal from the drICE locus. Loss of the eye color marker indicates that the P-element along with flanking genomic sequences has been deleted from the genome. Loss of the P-element was confirmed by PCR analysis. Df(3R)drICE has a proximal breakpoint between 99B3 and 99B8, because it complements Dr at 99B3, and fails to complement ca at 99B8. Its distal breakpoint lies between 99C2 (because it lacks the original P-element) and 99C4 (because it complements the lethality of CG18041 EY04131 which maps to 99C4).
Fly stocks and genetics
The following mutant and transgenic fly stocks were used: drICE 17 and Df(3R)drICE (this study); dcp- ; drICE 17 /TM6B,lacZ. To induce GLCs, first instar larvae were heat shocked at 371C for one hour.
To visualize the MG, males of the genotype P[sli-1.0-lacZ]; drICE 17 / TM6B, ubx-lacZ were crossed to drICE 17 /drICE 17 females, and labeled by b-Gal immunohistochemistry.
For Dlg labelings, drICE 17 mosaic pupal eye discs 42 h after pupariation were dissected and labeled with anti-Dlg antibody and GFP to mark the clones. Cell counting was done using criteria established by Cordero et al. 29 Ten hexagons corresponding to 20 ommatidia from four individuals each were analyzed.
Fly crosses were carried out under standard conditions at 251C.
X-ray treatment of embryos
Embryos were treated with 4000 rad in a Nasatron X-ray machine with a Caesium 137 source. After recovery the embryos were fixed and prepared for AO labeling.
Immunohistochemistry
TUNEL, AO and immunohistochemistry were carried out as described. 40 Anticleaved Caspase-3 antibody (Cell Signaling Technology) was used at a dilution of 1 : 50, b-Gal antibody (Promega) at dilution of 1 : 500, and anti-Dlg antibody (a kind gift of G Halder) at 1 : 2000. The MG was visualized by b-Gal immunohistochemistry. Fluorescent photography was carried out using a Zeiss Axio Imaginer Z1 with ApoTome technology.
Immunoblotting
Embryos were collected, decorionated and snap frozen in liquid nitrogen. Embryos were sonicated in Laemmli SDS loading buffer while being frozen. The equivalent of 20 lysed embryos was loaded per lane. Immunoblots were carried out using standard procedures and were probed with anti-DrICE antibodies (diluted 1 : 1000) raised against the prodomain of DrICE (provided by Andy Fraser). This antibody recognizes only the full-length form of DrICE.
